Protection against cellular stress from various sources, such as nutritional, physical, pathogenic, or oncogenic, results in the induction of both intrinsic and extrinsic cellular protection mechanisms that collectively limit the damage these insults inflict on the host. The major extrinsic protection mechanism against cellular stress is the immune system. Indeed, it has been well described that cells that are stressed due to association with viral infection or early malignant transformation can be directly sensed by the immune system, particularly natural killer (NK) cells. Although the ability of NK cells to directly recognize and respond to stressed cells is well appreciated, the mechanisms and the breadth of cell-intrinsic responses that are intimately linked with their activation are only beginning to be uncovered. This review will provide a brief introduction to NK cells and the relevant receptors and ligands involved in direct responses to cellular stress. This will be followed by an in-depth discussion surrounding the various intrinsic responses to stress that can naturally engage NK cells, and how therapeutic agents may induce specific activation of NK cells and other innate immune cells by activating cellular responses to stress.
Fact
Stress induces specific intrinsic and extrinsic physiological mechanisms within cells that lead to their identification as functionally abnormal Sources of cellular stress can be nutritional, physical, pathogenic, or oncogenic Intrinsic responses to cellular stress include activation of the DNA-damage response, tumor-suppressor genes, and senescence The extrinsic response to cellular stress is activation of the immune system, such as natural killer cells Intrinsic responses to cellular stress can directly upregulate factors that can activate the immune system, and the immune system been shown to be indispensable for the efficacy of some chemotherapy
Open Questions
Further critical determinants of intrinsic responses to stress and cell death that can activate the immune system must be identified Identification of the different cellular pathways and molecular determinants controlling the immunogenicity of different cancer therapies is required How can we harness the ability of therapeutic agents to activate both the intrinsic and extrinsic responses to cellular stress to achieve more specific and safer approaches to cancer treatment?
Cellular Stress and Natural Killer (NK) cells-An Overview
Any insult to a cell that leads to its abnormal behavior or premature death can be defined as a source of stress. As the turnover and maintenance of cells in all multi-cellular organisms is tightly regulated, it is essential that stressed cells be rapidly identified to avoid widespread tissue damage and to maintain tissue homeostasis. Various intrinsic cellular mechanisms exist within cells that become activated when they are exposed to stress. These include activation of DNAdamage response proteins, senescence programs, and tumor-suppressor genes. 1 Extrinsic mechanisms also exist that combat cellular stress, through the upregulation of mediators that can activate different components of the immune system. 2 Although frequently discussed separately, much recent evidence has indicated that intrinsic and extrinsic responses to cellular stress are intimately linked. 3 As the link between cell intrinsic and extrinsic responses to stress have been uncovered, these observations are now being harnessed therapeutically, particularly in the context of cancer. 4 Indeed, various chemotherapeutic agents and radiotherapy are critically dependent on the immune system to elicit their full therapeutic benefit. 5, 6 The mechanisms by which this occurs may be twofold: (i) the induction of intrinsic cellular stress mechanisms activates innate immunity and (ii) the release and presentation of tumor-specific antigens engages an inflammatory adaptive immune response.
NK cells are the major effector lymphocyte of innate immunity found in all the primary and secondary immune compartments as well as various mucosal tissues. 7 Through their ability to induce direct cytotoxicity of target cells and produce pro-inflammatory cytokines such as interferongamma, NK cells are critically involved in the immune surveillance of tumors 8, 9, 10 and microbial infections. 11, 12 The major mechanism that regulates NK cell contact-dependent functions (such as cytotoxicity and recognition of targets) is the relative contribution of inhibitory and activating receptors that bind to cognate ligands.
Under normal physiological conditions, NK cell activity is inhibited through the interaction of their inhibitory receptors with major histocompatibility complex (MHC) class I. 13, 14 However, upon instances of cellular stress that are frequently associated with viral infection and malignant transformation, ligands for activating receptors are often upregulated and MHC class I expression may be downregulated. The upregulation of these activating ligands and downregulation of MHC class I thus provides a signal for NK cells to become activated and display effector functions. Activating receptors are able to provide NK cells with a strong stimulus in the absence of co-stimulation due to the presence of adaptor molecules such as DAP10, DAP12, FcRg, and CD3z that contain immunoreceptor tyrosine-based activating motifs (ITAMs). [15] [16] [17] By contrast, inhibitory receptors contain inhibitory motifs (ITIMs) within their cytoplasmic tails that can activate downstream targets such as SHP-1 and SHP-2 and directly antagonize those signaling pathways activated through ITAMs. [18] [19] [20] The specific details of individual classes of inhibitory and activating receptors and their ligands are summarized in Figure 1 and have been extensively reviewed elsewhere. 14, 21 Instead, this review will more focus on the relevant activating receptors that are primarily involved in the direct regulation of NK cell-mediated recognition of cellular stress: natural killer group 2D (NKG2D) and DNAX accessory molecule-1 (DNAM-1).
NK Cell-Mediated Recognition of Cellular Stress by NKG2D and DNAM-1 NKG2D is a lectin-like type 2 transmembrane receptor expressed as a homodimer in both mice and humans by virtually all NK cells. 22, 23 Upon interaction with its ligands, NKG2D can trigger NK cell-mediated cytotoxicity against their targets. The ligands for NKG2D are self proteins related to MHC class I molecules. 24 In humans, these ligands consist of the MHC class I chain-related protein (MIC) family (e.g., MICA and MICB) and the UL16-binding protein (ULBP1-6) family. 25, 26 In mice, ligands for NKG2D include the retinoic acid early inducible (Rae) gene family, the H60 family, and mouse ULBP-like transcript-1 (MULT-1). [27] [28] [29] NKG2D ligands are generally absent on the cell surface of healthy cells but are frequently upregulated upon cellular stress associated with viral infection and malignant transformation. 3, 30 Indeed, NKG2D ligand expression has been found on many transformed cell lines, and NKG2D-dependent elimination of tumor cells expressing NKG2D ligands has been well documented in vitro and in tumor transplant experiments. 25, [30] [31] [32] [33] In humans, NKG2D ligands have been described on different primary tumors 34, 35 and specific NKG2D gene polymorphisms are associated with susceptibility to cancer. 36 Finally, blocking NKG2D through gene inactivation or monoclonal antibodies leads to an increased susceptibility to tumor development in mouse models, 37, 38 demonstrating the key role played by NKG2D in immune surveillance of tumors. NKG2D can also contribute to shape tumor immunogenicity, a process called immunoediting, as demonstrated by the frequent ability of tumor cells to avoid NKG2D-mediated recognition through NKG2D ligand shedding, as discussed later in this review. [38] [39] [40] DNAM-1 is a transmembrane adhesion molecule constitutively expressed on T cells, NK cells, macrophages, and a small subset of B cells in mice and humans. [41] [42] [43] DNAM-1 contains an extracellular region with two IgV-like domains, a transmembrane region and a cytoplasmic region containing tyrosine-and serine-phosphorylated sites that is able to initiate downstream activation cascades. 41, 44 There is accumulating evidence showing that DNAM-1 not only promotes adhesion of NK cells and CTLs but also greatly enhances their cytotoxicity toward ligand-expressing targets. 41, [45] [46] [47] [48] [49] [50] The ligands for DNAM-1 are the nectin/nectin-like family members CD155 (PVR, necl-5) and CD112 (PVRL2, nectin-2). 45, 46 Like NKG2D ligands, DNAM-1 ligands are frequently expressed on virus-infected and transformed cells. 51, 52 DNAM-1 ligands, especially CD155, are overexpressed by many types of solid and hematological malignancies and blocking DNAM-1 interactions with its ligands reduces the ability of NK cells to kill tumor cells in vitro. 41, 49, [53] [54] [55] [56] [57] Further evidence of the role of DNAM-1 in tumor immune surveillance is provided by studies using experimental and spontaneous models of cancer in vivo showing enhanced tumor spread in the absence of DNAM-1. [47] [48] [49] [50] 58 As NKG2D and DNAM-1 ligands are frequently expressed on stressed cells, many studies have sought to determine the mechanisms that underpin these observations. The guiding hypothesis for these studies is that cell-intrinsic responses to stress are directly linked to cell-extrinsic responses that can trigger rapid NK cell surveillance and elimination of stressed cells. Indeed, major cell-intrinsic responses to cellular stress can directly lead to NK cell-activating ligand upregulation and are outlined in the following sections.
The DNA-Damage Response
Cellular stress caused by the activation of the DNA-damage response leads to downstream apoptosis or cell-cycle arrest. The activation of DNA-damage checkpoints occurs when there are excessive DNA strand breaks and replication errors, thereby representing an important tumorigenesis barrier that can slow or inhibit the progression of malignant transformation. 59, 60 Two major transducers of the DNAdamage response are the PI3-kinase-related protein kinases ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-related). ATM and ATR can modulate numerous signaling pathways such as checkpoint kinases (Chk1 and Chk2, which inhibit cell-cycle progression and promote DNA repair) and p53 (which mediates cell-cycle arrest and apoptosis). 61 In addition to the induction of cell-cycle arrest and apoptosis, activation of the DNA-damage response has been shown to promote the expression of several activating ligands that are specific for NK cell receptors, primarily those of the NKG2D receptor. These findings have shown a critical direct link between cellular transformation, apoptosis, and surveillance by the immune system. 62 The first evidence of this link between DNA damage and immune cell activation was provided by Raulet and colleagues who showed that NKG2D ligands were upregulated by genotoxic stress and stalled DNA replication conditions known to activate either ATM or ATR. 63 These observations have now been extended by several other studies that have defined further DNA-damaging conditions (e.g., genotoxic drugs/chemotherapy, deregulated proliferation, or oxidative stress) that can promote NKG2D ligand upregulation. [64] [65] [66] [67] The role of the DNA-damage response in controlling NKG2D ligand expression and subsequent NK cell activation has also been demonstrated in the context of anti-viral immunity, specifically in Abelson murine leukemia virus infection. 68 This pathogen was shown to induce activationinduced cytidine deaminase (AID) expression outside the germinal center, resulting in generalized hypermutation, DNAdamage checkpoint activation, and Chk1 phosphorylation. The genotoxic activity of virally induced AID not only restricted the proliferation of infected cells but also induced the expression of NKG2D ligands. More recently, another member of APOBEC-AID family of cytidine deaminases, A3G, has been shown to promote the recognition of HIVinfected cells by NK cells after DNA-damage response activation. 69 In this study, viral protein Vpr-mediated repair processes, which generate nicks, gaps, and breaks of DNA, activate an ATM/ATR DNA-damage response that leads to NKG2D ligand expression.
The DNA-damage sensors ATM and ATR have also been shown to regulate other key NK cell-activating ligands such as the DNAM-1 ligand, CD155. 58, 65, 70 For example, in the Em-myc spontaneous B-cell lymphoma model, activation of the DNA-damage response leads to the upregulation of CD155 in the early-stage transformed B cells, subsequently activating spontaneous tumor regression in an NK cell-and T-cell-dependent manner. 58 The DNA-damage response can also regulate the expression of the death receptor DR5. 71 The engagement of DR5 by the effector molecule TRAIL, which is expressed by NK cells and T cells, can induce apoptosis of target cells and has been shown to have a key role in immune surveillance against tumors. 72 Collectively, these results suggest that the detection of DNA damage, primarily through ATM and ATR, may represent a conserved protection mechanism governing the immunogenicity of infected or transformed cells, leading to direct recognition by NK cells (Figure 2) .
As a result of these studies, many therapeutic agents known to induce DNA damage have been evaluated for their ability to increase the immunogenicity of cancer cells for a more targeted therapeutic approach using NK cells. 64, 65 For example, treatment of multiple myeloma cells with doxorubicin, melphalan, or bortezomib can lead to DNAM-1 and NKG2D ligand upregulation. 65 Indeed, many chemotherapeutic agents commonly used, especially in hematological malignancies, can trigger the DNA-damage pathway. Therefore, it is reasonable to speculate that there is a general role of ATM and ATR in the induction of NK cell activation as a therapeutic effect of these agents.
Senescence
Cellular senescence is generally defined as a growth-arrest program in mammalian cells that limits their lifespan. 73 The major type of cellular senescence is replicative senescence that occurs due to telomere shortening. However, it is now generally accepted that premature senescence can also occur due to oncogene activation (oncogene-induced senescence) and/or the loss/gain of tumor-suppressor gene function, in the absence of telomere shortening. 74 Thus, premature senescence is an important barrier against malignant transformation. 59 Upon engagement of the senescence program, although cells are in growth arrest, they remain metabolically active and can produce many proinflammatory cytokines, as well as upregulate adhesion molecules and activating ligands to alert the immune system. [75] [76] [77] Activation of the immune system, in particular innate immunity, has a critical role in the clearance of senescent cells. [78] [79] [80] [81] More specifically, in a model of hepatocellular carcinoma, it has been shown that reactivation of p53 can induce a senescence program, resulting in tumor regression through the activation of NK cells, macrophages, and neutrophils. Of note, intercellular adhesion molecule (ICAM)-1, which can trigger both adhesion and cytotoxicity of NK cells, 82 and interleukin-15, a cytokine that can promote NK cell effector function, 83 were both upregulated in senescent tumors. More recently, the potential contribution of NK cells was also shown in the clearance of senescent hepatic stellate cells, a mechanism important in limiting liver fibrosis in response to a fibrogenic agent. 80 ICAM-1, NKG2D ligands (MICA and ULPB2), and DNAM-1 ligands (CD155) were all upregulated on senescent hepatic stellate cells.
The specific mechanisms linking the senescence program to immune activation are not yet fully understood. However, the intracellular molecular mechanisms that govern induction of senescence may provide possible indications. Both replicative senescence and premature senescence (e.g., oncogene-induced senescence) have been shown to have common molecular determinants, such as the activation of the INK4A . 1, 59, [84] [85] [86] Activation of the DNA-damage response would presumably initiate the upregulation of NK cell-activating ligands as previously discussed. However, how senescence may be linked to the induction of pro-inflammatory cytokine release is a more compelling question and requires further investigation (Figure 2) . Nevertheless, induction of pro-inflammatory cytokines is an important protective mechanism in order to recruit immune cells that can rapidly recognize and remove senescent cells. Interestingly, activation of NK cells by senescent cells has been observed in a clinical context when multiple myeloma cells were treated with chemotherapy and genotoxic agents. 65 In this setting, NKG2D and DNAM-1 ligands were both upregulated through a mechanism that required activation of the DNA-damage pathway initiated by ATM and ATR. 65 Tumor Suppressors: p53 p53 is a potent tumor suppressor and central regulator of apoptosis, DNA repair, and cell proliferation, that is activated in response to DNA damage, oncogene activation, and other cellular stress. 87 The number of identified cellular functions that p53 regulates has greatly increased over the past few years, and there is now a vast array of evidence that shows that p53 can be induced by viral infection 88 to limit pathogen spread by inducing apoptosis. 89, 90 Furthermore, p53 not only acts as an intrinsic barrier against tumorigenesis or pathogenic spread but can also lead to increased cellular immunogenicity. For example, p53 reactivation in a hepatocellular carcinoma can promote tumor regression mediated by innate immunity. 78 A direct link between p53 expression and immune cell recognition was recently provided by Textor et al. 91 where expression of p53 in lung cancer cell lines strongly upregulated the NKG2D ligands ULBP1 and 2, resulting in NK cell activation. Subsequently, p53-responsive elements were found to directly regulate ULBP1 and 2 expression, the deletion of which abolished the capacity of p53 to mediate ULBP1 and 2 upregulation. Another recent report that used a pharmacological activator of p53 confirmed the ability of p53 to directly induce ULBP2 expression that was independent of ATM/ATR. 92 However, it has also been shown that miR34a and miR34C microRNAs (miRNAs) induced by p53 can target ULBP2 mRNA and reduce its cell-surface expression, suggesting that p53 may have a dual role in regulating ULBP2 expression. 93 Finally, early work showed that NKG2D ligands can be upregulated by ATR/ATM in the total absence of p53 in tumor cell lines, 62, 63 suggesting the existence of ATM/ATR-dependent and p53-independent pathways that regulate NKG2D ligand expression in response to cellular stress.
In addition to regulating NK cell ligand expression, genetic reactivation of p53 in tumors can also induce a wide array of pro-inflammatory mediators ranging from adhesion receptor (ICAM-1) expression to the production of various chemokines (CXCL11 and monocyte chemoattractant protein-1) and cytokines (interleukin-15). 78 Furthermore, recent studies in anti-viral immunity indicate that several interferon-inducible genes and Toll-like receptor-3 expression are direct transcriptional targets of p53 and that p53 contributes to production of type I interferon by virally infected cells. [94] [95] [96] All together, these studies suggest that p53 accumulation could represent a key determinant of the immunogenicity of stressed cells that are infected or undergoing malignant transformation through its ability to regulate innate immune activation.
Oncogenes
Malignant transformation is a complex process that frequently involves the activation of one or more oncogenes in addition to the inactivation or mutation of tumor-suppressor genes (e.g., p53). Oncogene activation is a powerful inducer of cellular stress that is able to activate intrinsic cellular programs that lead to cell apoptosis or senescence (e.g., activation of the DNA-damage response and p53). 1 In addition, many recent reports have also shown that major oncogenes can activate extrinsic responses to cellular stress through inducing the upregulation of NK cell-activating ligands. 63, 97, 98 This suggests that oncogene activation can represent a key cellular event in alerting the immune system to ongoing cellular transformation (Figure 3) .
The enhanced expression of the proto-oncogene Myc has been described as a critical event leading to cellular transformation and is a frequently found genetic alteration in cancer. 99 In a recent study, again using the Em-myc model, Medzhitov and colleagues demonstrated the ability of c-Myc to alert NK cells to early oncogenic transformation through the upregulation of Rae-1. 97 In this study, the induction of Rae-1 was dependent on the direct regulation of Rae-1 transcription by Myc through its interaction with the Raet1 epsilon gene. Collectively, these results provide a possible direct molecular mechanism to explain the increased susceptibility of NKG2D gene-targeted mice to lymphoma development in the Em-myc model. 38 Recent evidence suggests that several oncogenic mutations of Ras (H-Ras, N-Ras, and K-Ras) can also regulate NKG2D ligand expression in both mice and humans. 98 Interestingly, in this case, NKG2D ligands were regulated through MAPK/MEK and PI3K pathways downstream of oncogenic H-RasV12. The activation of PI3K pathways, and more particularly the p110a subunits by virus-encoded proteins, has also been shown to induce the Rae-1 family of ligands. 100 As many viruses can manipulate the PI3K pathway 101 and tumors often bear Ras and p110a oncogene mutations, 102 collectively, this data suggests that there is the existence of a common molecular mechanism by which NK cells sense cellular stress mediated by PI3K-dependent regulation of NKG2D ligands.
Interestingly, whereas Myc was involved in the transcriptional regulation of NKG2D ligands, PI3K can increase NKG2D ligand expression by increasing the translation of Rae-1 mRNA. 98 This involved the induction of eIF4E, a protein that enhances the translation of mRNA. 103 As number of tumors and viruses can upregulate host translation initiation machinery through the overexpression of eIF4E, 104, 105 this may represent an important means by which NK cells can discriminate tumor-and virus-infected cells from normal cells.
Heat-Shock Proteins (HSPs)
HSPs are highly conserved intracellular chaperone molecules that are present in most prokaryotic and eukaryotic cells that mediate protection against cellular damage under conditions of stress. HSPs are distributed in most intracellular compartments of cells where they support the correct folding of nascent polypeptides, prevent protein aggregation, and assist in protein transport across membranes. 106 Many tumors display overexpression of HSPs as a response to cellular stress induced by oncogenic transformation. 107, 108 HSPs can also be mobilized to the plasma membrane, or even released from cells, under conditions of stress. 109 Although intracellular HSPs can promote cell survival by interfering with different apoptosis components, many studies have reported that membrane-bound or soluble HSPs can directly stimulate innate immunity. 110 A major immunostimulatory function of HSPs is to promote the presentation of tumorspecific antigens by MHC class I to CD8 T cells. [111] [112] [113] Soluble and membrane-bound HSPs can also induce antigen-presenting cell maturation and the resultant secretion of pro-inflammatory cytokines. [114] [115] [116] Finally, HSPs may directly activate NK cells as HSP70, when overexpressed on tumor cells, can induce a selective dose-dependent increase in NK cellmediated cytotoxicity in vitro.
117 NK cells may directly recognize HSP70 through a 14-amino-acid oligomer (TKD) that is localized in the C-terminal domain of the protein through CD94. 118, 119 Tumor-specific HSP70 that is either presented at the cell surface or secreted on exosomes can also enhance NK cell activity against diverse types of cancer in vivo. 120, 121 Most importantly, hepatocellular carcinoma cells that are treated with various chemotherapeutic agents can become more susceptible to NK cell-mediated cytotoxicity through their release of HSP-containing exosomes, giving the aforementioned findings a therapeutic context. 122 Collectively, these results suggest that HSP translocation to the plasma membrane or secretion during cellular stress may represent a potent danger signal that can stimulate NK cell activity, particularly in the context of cancer.
Emerging Links Between Cellular Stress and NK Cell Activation
Deregulated proliferation. Deregulated proliferation is a critical determinant of cellular transformation and pathogenic infection. 123, 124 Interestingly, recent results indicate that the Rae-1 family of ligands is a transcriptional target for E2F transcription factors, which control cell-cycle progression. 125 Cellular stress induced by deregulated proliferation may therefore activate NKG2D-bearing lymphocytes, including NK cells, as an early barrier to tumorigenesis. Future studies will have to address whether E2F transcription factors or indeed other cell-cycle regulators can also modulate other NK cell-activating ligands and whether these mechanisms can promote NK cell-tumor immunosurveillance in vivo.
MiRNAs. MiRNAs are an abundant class of small noncoding RNAs that are approximately 22 nucleotides in length. The functions of miRNAs are to directly regulate proteinencoding mRNAs to suppress gene expression. 126 Owing to their ability to regulate gene expression, miRNAs have been implicated in many biological and pathological processes. 127 Recent studies demonstrate that several miRNAs can regulate the cell-surface expression of NKG2D ligands (MICA, MICB, and ULBP2), therefore implicating miRNAs as a link between intrinsic and extrinsic responses to oncogenic transformation. 93, 128, 129 Indeed, in the context of cancer, many miRNAs (designated oncomiRs) are activated and are involved in the initiation and progression of Figure 3 Molecular mechanisms that regulate the cell surface expression of NKG2D ligands. The major group of NK cell-activating ligands that are upregulated by intrinsic cellular responses to stress are those that bind the NKG2D receptor. Activation of the DNA-damage response, senescence, oncogenes, tumor suppressors, or sensing of deregulated proliferation can induce NKG2D ligand gene transcription and increase mRNA translation, leading to extracellular protein expression. MMP, matrix metalloproteases disease. 130 As such, several oncomiRs have been implicated in the suppression of NKG2D ligand upregulation in various types of cancer, leading to their ability to facilitate tumor escape from NK cell-mediated immunosurveillance. 93, 129 Regulation of cell-surface expression. In addition to transcriptional and post-transcriptional regulation of NK cell receptor ligand expression by intrinsic cellular pathways, recent evidence suggest that stress-induced mechanisms can affect cell-surface expression of such ligands. For example, the expression of MULT-1 NKG2D ligand is repressed at the protein level on normal cells by polyubiquitination of its cytoplasmic tail leading to its degradation. By contrast, upon cellular stress induced by UV irradiation or heat shock, MULT-1 is less ubiquitinated resulting in an increase in cell-surface expression.
131
NKG2D ligand shedding, secretion, or excretion in vesicles such as exosomes also seems to regulate their level of expression at the cell surface. For example, cleavage of the extracellular domain of NKG2D ligands by matrix metalloproteases results in their shedding from the cell surface, a common escape mechanism used by tumor cells to avoid NK cell recognition. 39, 40, 132, 133 Indeed, soluble NKG2D ligands have been described in many cancer types in humans and usually correlates with a negative prognosis. 40, [133] [134] [135] Therefore, a better understanding of the intrinsic and extrinsic molecular pathways implicated in NKG2D ligand shedding could have direct therapeutic implications.
Cellular hyperploidy. Cellular hyperploidy occurs when there is an acquisition of more than two sets of chromosomes. For example, tetraploidy (or tetraploidization), where there is the presence of four sets of chromosomes, has been associated with early tumorigenesis due the acquisition of extra genetic material inherently making cells more susceptible to genetic abnormalities. As a barrier to potential oncogenic transformation from cellular hyperploidy, this event can be intrinsically sensed, leading to the inhibition of cell-cycle progression. 136 In a recent report, it has also been shown that cellular hyperploidy can be extrinsically sensed by the immune system. 137 Hyperploid cells were shown to become immunogenic as a result of a constitutive endoplasmic reticulum stress response that leads to the cell-surface exposure of calreticulin, a potent phagocytic signal for antigen-presenting cells, such as macrophages. 138 Interestingly, in this study, it was also shown that ex vivo tumors from Em-myc mice crossed to a DNAM-1 À / À background exhibited a larger nuclear diameter and P-eIF2a phosphorylation (as surrogate markers for cellular hyperploidy) than tumors from a wild-type background. This suggests that DNAM-1 on NK cells (and T cells) may participate in the immunoselection of hyperploid cells.
Immunogenic cell death.
There is now clear evidence that demonstrates that the full clinical efficacy of some conventional chemo-and radiotherapy requires the activation of several immune components. 139, 140 A common determinant of this requirement is the ability of these therapies to induce immunogenic cancer cell death. More specifically, it has been shown that cell-surface exposure of calreticulin and the release of high mobility group box-1 and adenosine triphosphate can activate dendritic cells leading to engulfment of dying cells, tumor-specific antigen presentation, and production of pro-inflammatory cytokines such as interleukin-1b 6,141,142 ( Figure 4) . Interestingly, although CD8 T cells were the main effectors responsible for the therapeutic effects of chemotherapy in these settings, the efficient priming of these cells required the presence of upstream innate immunity, such as gd T cells. 143 As the phenotype and function of NK cells are modulated in humans during chemotherapy 144, 145 and many cellular stress pathways activated by chemotherapy can increase tumor cell sensitivity to NK cell-mediated cytotoxicity and recognition (as discussed in the previous sections), it will be important to determine whether NK cells can also contribute to the efficacy of chemotherapy.
Concluding Remarks
NK cells provide an important primary defense mechanism against stressed cells. This is due to their ability to respond rapidly to the upregulation of multiple activating ligands. Although frequently documented on stressed cells, the mechanisms that govern the regulation of NK cell-activating ligand expression have only recently become apparent, particularly in the context of cancer. These mechanisms include multiple intrinsic cellular responses, such as the activation of the DNA-damage response, senescence, the activation of tumor suppressors and oncogenes, and the sensing of deregulated cell proliferation. Indeed, many forms of chemo-and radiotherapy that are currently used in the clinic that aim to engage these intrinsic cellular responses have been shown to require the immune system, including NK cells for their full efficacy. Thus, formulating specific therapies that can concurrently engage intrinsic and extrinsic responses to cellular stress will hopefully lead to more targeted, effective, and safer approaches for the treatment of cancer.
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